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The strong curvature, shaping, and high normalized pressure (β) of spherical torus (ST) plasmas lead to confinement and stability properties that are distinct from large aspect-ratio tokamaks. Driving plasma current also requires special consideration of the geometric limitations on passing time-dependent magnetic flux through a small central column. The coaxial helicity injection (CHI) method is a direct-current (DC) alternative 1 to conventional inductive loop voltage. CHI biases a pair of toroidally symmetric electrodes that intercept the strike points of open poloidal magnetic field to generate linked poloidal and toroidal magnetic flux. Maintaining an electrostatic bias on the 'injector' flux then sustains parallel current density in the presence of resistive dissipation. The CHI method was first tested for STs in the Helicity Injected Torus (HIT) and HIT-II experiments-as the sole source of current drive in the case of HIT and with transition to Ohmic drive in HIT-II. 2, 3 When gradients of parallel current density are sufficient to excite symmetry-breaking MHD activity, magnetic relaxation 4 can broaden the parallel current profile. However, when helicity injection is used for startup, relaxation is not required. Startup injection generates a plasma configuration that can be transitioned to inductive or other non-inductive current drive, and closed magnetic flux can be formed transiently without breaking toroidal symmetry. Here, we describe simplified modeling of two HIT-II discharge series that did not produce strong relaxation. Implications of the 'bubble-burst' criterion of Ref.
5 for the driven current to expand the injector flux beyond the injector region are reconsidered in terms of the Grad-Shafranov (GS) equation and are used to interpret our results.
Simplified zero-β resistive MHD modeling of CHI has been applied to reversed-field pinch, straight tokamak, spheromak, and ST configurations to study magnetic relaxation from currentdriven activity. [6] [7] [8] [9] All of these studies find that macroscopic symmetry-breaking MHD modes are driven unstable prior to relaxation, but the stabilizing influence of large toroidal field is evident in the tokamak and ST calculations. To obtain information relevant to startup CHI, our present study applies simplified modeling to conditions in HIT-II discharges that were run without Ohmic drive and did not have strong relaxation. 10 The modeling includes twodimensional time-dependent MHD computations run to steady state and numerical solution and dimensional scaling of the GS equation. Comparison of the 2D simulation results with relevant data from the HIT-II database shows that the simple model with prescribed diffusion coefficients reproduces the experimentally obtained scaling of plasma current (I p ) with external toroidal-field current (I TF ) and injector flux (ψ INJ ). After presenting these results, we discuss the connection between the 'bubble-burst' and 'sheet discharge' analyses in Refs. 5 and 10 with properties of GS solutions.
The zero-β model in our time-dependent computations evolves the center-of-mass flow velocity V using
where
is the charge-current density, and ν is an isotropic viscous diffusivity. The magnetic field is found from Faraday's law, ! "B "t = #$ % E , with the resistive-MHD Ohm's law
with resistivity η considered a uniform parameter. The value of ! " /µ 0 = 2.2 m 2 /s used in our simulations is based on the 50 eV temperature typically attained in the HIT-II current channel for discharges without strong relaxation. Resistivity is increased by a factor of 30 in a layer along the edge of the computational domain. Evolution of mass density (ρ) is not modeled, and the uniform value of /s for numerical purposes. The time-dependent equations are solved numerically using a subset of the NIMROD implementation. 11 This code has been used for studying helicity injection in spheromaks using boundary conditions that represent either a voltage source 8 or a current source, 12 but the necessity of a downstream absorber 5 requires special consideration for CHI in STs. Specifying voltages across both gaps is problematic on physical grounds, because it presumes knowledge of the rate of change of flux within the domain. Instead, we specify RB φ in excess of the initial vacuum value along the injector gap at the bottom of the domain. The net injected current is then the difference between the RB φ -value specified at the injector gap and its final value along the absorber gap at the top of the domain. At the absorber, we separately specify the voltage (through ! E R "1/ R) and a corresponding outward flow at the
2 drift speed to avoid a surface current density. Inflow at the injector is set to match the mass flux at the absorber to avoid large-scale compression or expansion. This approach is effective but not fully satisfactory, because the absorber voltage must be tuned manually. If the applied voltage is too small for a specified I INJ , it will not support the resistive drop, and the net effect after resistive diffusion includes a change in the actual I TF . Conversely, applying too much voltage draws poloidal flux into the absorber. In HIT-II, any current that bypassed the plasma discharge by flowing through the shell and across a glow plasma at the absorber was recorded and subtracted from the bank current when determining the net injector current I INJ . 10 The computational outcome of applying too little voltage is analogous. The experiment also used a high-capacitance 'snubber' across the injector gap to reduce voltage transients, and the current flowing through this capacitor is also excluded from laboratory I INJ data. The domain of our computations is a good approximation of the HIT-II cross-section, so that the influence of geometry on the energetics of evolution from a discharge within the injector to an expanded equilibrium in the flux conserver is represented well. The initial poloidal flux distribution (Fig. 1a) approximates the 'HIT-like,' i.e. narrow-gap, configuration described in Ref. 10 . The HIT-II experiments used active poloidal flux control to maintain equilibrium through times that are longer than the shell diffusion time. Neither resistive-shell nor active control is modeled in the present study; the initial poloidal flux is frozen along the walls. Results from an example time-dependent computation are shown in Fig. 1 . The injector flux is ! " INJ = 6.5 mWb , and the applied voltage is increased to 1350 V over 0.1 ms then held constant for 5 ms. During the evolution, I TF increases from 495 kA to 516 kA, and there is net injection of 9.3 kA in the plasma region. In this case, the applied current of 30 kA is not fully supported by the applied voltage, hence I INJ is less than the applied values and I TF drifts by a few percent.
A significant outcome of HIT-II experiments without strong relaxation is that the plasma current obtained in different discharges is approximately independent of I TF . 10 Obtaining longlived discharges is aided by the buffering effect of allowing some current to flow through the shell, and the net injected current is then closely tied to the bubble-burst value (I BB ) that is required to push the injector flux out of its initial distribution. Computed results are plotted in As discussed in Ref. 10 , the I TF and ψ INJ scalings can be related to the injector current required to overcome the vacuum distribution of injector flux, which is concentrated near the injector and extends over the small gap distance d. The pressure from injected toroidal magnetic field is linearly proportional to I INJ , because the toroidal-field coil current I TF is much larger. In contrast, the force that resists expansion depends on An independent computation for our study solves the GS equation numerically with an assumed ! I (") profile. We apply the NIMEQ solver 13 that uses NIMROD's meshing and spectral finite elements, and we incorporate the same geometry and injector-flux distribution that have been considered with the time-dependent computations. Three equilibria computed from the vacuum-flux distribution with 
where the normalized Our comparisons show that time-dependent computations from a basic resistive-MHD model reproduce important scalings of HIT-II in discharges powered by CHI alone. We emphasize the connection between the modeling in Ref. 10 with dimensional estimates from the GS equation and note that the bubble-burst condition represents a transition among equilibria as the injector current is varied. Computing GS solutions with an assumed ! I (") profile shows the transition at injector-current values that are consistent with the experimental results and the time-dependent computations; though, some aspects of our GS solutions are not dynamically attainable. The time-dependent computations with a simple resistive-MHD Ohm's law and a fixed value of resistivity are more reliable in this regard.
Three-dimensional time-dependent computations have been used to check some of the parameters considered here. Like the HIT-II results from these discharge series, no significant relaxation is observed. Other 3D computations with smaller I TF produce significant relaxation and flux amplification. More detailed modeling including energy transport and 3D relaxation is presently being applied to model CHI in the NSTX experiment. 
